The influences of Na 2 O, K 2 O and Li 2 O additions on the electrical conductivity of CaO-SiO 2 -(Al 2 O 3 ) melts are investigated by the four-electrode method. It is concluded that the electrical conductivity monotonously increases as increasing R 2 O (R = Li, Na, K) content at a fixed CaO/SiO 2 ratio of 1.1. As gradually substituting Na 2 O or K 2 O for Li 2 O, respectively, the mixed alkali effect occurs, and there is a minimum value of electrical conductivity. Furthermore, the presence of Al 2 O 3 promotes the mixed alkali effect. Raman spectroscopy is used to illustrate the relationship between electrical conductivity and melt structure. The electrical conductivity decreased with the increase of the degree of polymerization of melt.
Introduction
The electrical conductivity of molten slag is an important thermophysical property and plays a prominent role in the modeling and operation of electric smelting furnaces. 1) Heat consumption is the biggest energy consumption in the smelting process of the electric furnace. The appropriate resistance value of melt is the most important factor affecting electric energy efficiency during heating. 2) Therefore, in order to improve the heat efficiency, it is crucial to have a comprehensive understanding of the electrical conductivities of the melts. Furthermore, electrical conductivity is very sensitive to the structure of the slag, 3, 4) and the structure information could be deduced from the variation behavior of electrical conductivity. Alkali metal oxides are important components in oxide melts, such as glass melts, mould flux, etc. However, the investigations about the influence of alkali metal oxides on the electrical conductivity of oxide melts are very scarce. Isard found that if one alkali oxide was gradually replaced by another in a series of glasses, the electrical resistivity showed pronounced maxima while the viscosity showed a deep minimum. 5) Zhang' et al. 6) investigated the influences of Na 2 O and K 2 O additions on the electrical conductivity of CaO-SiO 2 -(Al 2 O 3 ) melts, and found that as gradually substituting Na 2 O for K 2 O, there was a minimum value of electrical conductivity. This phenomenon was called the mixed alkali effect. Terai put forward an explanation that the substitution of the alkali ions in the glass by different alkali ions caused the mobility of each alkali ion to decrease pronouncedly and the activation energy for migration to increase rapidly. 7) Similarly, the minimum values of electrical conductivity were also found in the CaO-SiO 2 -MgO-Al 2 O 3 -K 2 O system when replacing K 2 O by Na 2 O while keeping the concentrations of other components constant. 8) In the present study, the influences of alkali metal additives Na 2 O and Li 2 O, as well as K 2 O and Li 2 O on the electrical conductivity and the structure of CaO-SiO 2 -(Al 2 O 3 ) system will be investigated, respectively. in Table 2 are also classified into four different groups. Samples were prepared from reagent grade CaCO 3 , SiO 2 , Al 2 O 3 , Li 2 CO 3 , Na 2 CO 3 , and K 2 CO 3 powders. SiO 2 , Al 2 O 3 , and CaCO 3 were calcined at 1 273 K for 10 h in a muffle furnace, while Li 2 CO 3 , Na 2 CO 3 , and K 2 CO 3 were calcined at 873 K for 10 h. Then these reagents were precisely weighted as the compositions shown in Tables 1 and 2 and mixed in an agate mortar thoroughly. The mixtures were used for the following measurements. The four-electrode method with the alternative current was used for the electrical conductivity measurements. 9) The schematic diagram of the experimental apparatus was shown in Fig. 1 . The details of the experiment refer to previous investigations. 10, 11) As shown in Fig. 2 , the outer two electrodes are current electrodes. The AC signals pass through two current electrodes and the melt, to form a closed loop. The inner two electrodes are voltage electrodes. Due to the high resistance 3. The absence of characteristic peaks in the XRD patterns ( Fig. 3) indicated the samples were a non-crystalline state. From the composition analyses results of samples shown in Tables 1 and 2 , it could be concluded that the vaporization of Na 2 O and K 2 O were very small and can be neglected when its content was 5 mol%, which is also consistent with the conclusion from the literature. 11, 14) of the melt, the current passing through the voltage electrode is very low. As a result, the potential difference dropped on the two voltage electrodes is small. The electrical conductivity (σ) of molten slag is calculated as follows:
where C is the cell constant determined by the instrument constant and R x is the melt resistance. The cell constant was measured by the standard aqueous KCl (1.0 mol·L − 1 ) solution at low temperatures (293 K to 298 K). Raman spectroscopy was always used to analyze the relationship between the structure of the melt and its electrical conductivity. [12] [13] [14] [15] In the current study, several compositions were selected for Raman analysis in the current experiment. The compositions are shown in Table 3 .
The samples (5 g) were placed in the platinum crucible, and then the platinum crucible was placed in the alumina protective crucible. After being kept at 1 823 K for 2 h, the slags were quenched in water to obtain the amorphous slag. The samples were tested by Raman spectrometer (JY-HR800) to obtain the corresponding Raman spectra and the analysis of the Raman spectra were constrained from 700 to 2 000 cm − 1 . In order to assess the non-crystalline state of the experimental samples, XRD analysis were performed on the quenched samples, and the results were shown in Fig. 
Results and Discussion
The electrical conductivities of CaO-SiO 2 slags with a CaO/SiO 2 molar ratio of 1.1 in the literatures were collected and shown in Table 4 . It could be seen from Table 4 that there was litter difference between the current measured electrical conductivity data and that from the literature. [17] [18] [19] Electrical conductivity from Bockris et al., 17) Sarkar et al., 18) Martin et al. 19) were measured by two electrode and the central electrode methods. However, the above two experimental methods had a disadvantage that the interfacial resistance could not be ignored. The method adopted in the present study could avoid this problem very well. Therefore, the current data should be more reliable. The electrical conductivities at different temperatures for different compositions in Tables 1 and 2 were given in  Tables 5 and 6 , respectively. According to the values of electrical conductivities in Tables 5 and 6 , the logarithm of electrical conductivity for all the compositions as functions of the reciprocal of temperature was shown in Fig. 4 , from which it could be concluded that the relationship between conductivity and temperature was accordance with Arrhenius law described as follows,
where σ was the electrical conductivity, Ω − 1 ·cm − 1 ; σ 0 was the pre-exponent factor, Ω − 1 ·cm − 1 ; E was the activation energy, J/mol; R was the gas constant, 8.314 J/(mol·K); T was the absolute temperature, K.
Electrical Conductivity of CaO-SiO 2 -(Al 2 O 3 )-R 2 O System
Generally, the charge transport of melts is composed of ionic conductance and electronic conductance. 20) The charge transport is mainly accomplished by ionic conductance because the electronic conductivity depends mainly on the transition ions that do not exist in this experiment. Si 4 + and Al 3 + ions, as the main network forming bodies, have strong interaction with surrounding ions which lead to the weak mobile ability of Si 4 + and Al 3 + ions. Oxygen ions can also contribute to the charge conductance. There are three types of oxygen ions in oxide melts classified by Fincham and Richardson: 21) bridging oxygen, non-bridging oxygen and free oxygen. However, bridging oxygen or non-bridging oxygen are boned with Si 4 + or Al 3 + ions in covalent bond dominated chemical bond which leads to a poor mobile ability of them. Whereas, the mobile ability of the free oxygen ion is large since it prefers to form ionic bonds with metal cation. However, due to the low basicity of all compositions shown in Table 1 , the concentration of free oxygen ions of all compositions should be very low, so the contribution of free oxygen ions to charge conductance is almost negligible. Accordingly, Ca 2 + and R + are the major contributors to the charge transport in the CaO-SiO 2 -(Al 2 O 3 )-R 2 O system. Normally, the ionic conductance of oxide melt is determined by the concentration of mobile ion and the degree of polymerization. 22 ) Ca 2 + and alkali metal ions (Li + , Na + , and K + ) will become the main contributors of electrical conductivity in present study. From Figs. 4(a), 4(b) and 4(e), it can be seen that as gradually increasing Li 2 O, Na 2 O or K 2 O contents at a fixed CaO/SiO 2 ratio, the electrical conductivity monotonously increases as increasing R 2 O content in the CaO-SiO 2 -R 2 O systems. An increase in the concentration of mobile ions and an increase of concentration of basic oxides (CaO and R 2 O) which form more non-bridging oxygen and destroy the network of melt will lead to an increase in electrical conductivity.
The different influences of Li 2 O, Na 2 O, and K 2 O can be distinguished by the comparison of the electrical conductivity for these different groups as shown in Fig. 5 . It can be concluded that the electrical conductivity of Li 2 O bearing melts are higher than both the Na 2 O and K 2 O bearing melts. According to previous research, 6) the electrical conductivity of Na 2 O bearing melts are higher than that of the K 2 O bearing melts if the contents of other components are the same. Consequently, the effect of these three additives on increasing the conductivity follows the sequence: Li 2 O > Na 2 O > K 2 O. Ca 2 + and alkali metal ions (Li + , Na + , and K + ) will contribute to the charge-compensation of Al 3 + ions in the melts containing Al 2 O 3 . As mentioned above, Al 3 + prefers to bond with bridging or non-bridging oxygen to form AlO 4 5 + tetrahedrons and incorporate into the network of SiO 4 4 + when there are enough metal cations to participate into the charge compensation, which leads to a decrease of electrical conductivity. The priority order for different cations to charge compensate Al 3 + ions follows: K + > Na + > Li + > Ca 2 + . [23] [24] [25] As adding R 2 O (R = Li, Na and K) into CaO-Al 2 O 3 -SiO 2 system, part of the AlO 4 5 + tetrahedrons initially balanced by Ca 2 + ion would be replaced by R + ion. In groups D and G, since the molar fraction of R 2 O is higher than that of Al 2 O 3 , most of the Al 3 + ions will be charge balanced by R + ions. Strictly speaking, even if there are enough alkali oxides to compensate the Al 3 + ions to form [AlO 4 ], some Al 3 + ions with a high oxygen coordination, such as [AlO 5 ] or [AlO 6 ], 26) will still exist. For R + (R = Li, Na, K) ions with a stronger compensation ability, the concentration of high oxygen coordination [AlO 5 ] and [AlO 6 ] will be lower. Thus, compared to Li 2 O, Na 2 O and K 2 O will make the degree of polymerization much higher, and lead to a smaller electrical conductivity. There are other factors that the size and polarizing ability of the metal cations can affect the transport resistance. Generally, a larger valence and a smaller radius of cation M z + could lead to a stronger mutual interaction between M z + and O 2 − ions, which increases viscosity and decreases electrical conductivity. 27) For the same valence cations, the smaller the radius are, the greater the mobility will be in the case of weaker polarization. In the present study, for the monovalent cations Li + , Na + and K + , the smaller the radius is, the greater the mobility will be. Li + ion with a smaller ion radius than Na + and K + (0.068 nm v.s 0.097 nm and 0.133 nm) 28) has a greater mobility and the corresponding melt has a higher electrical conductivity than Na 2 O and K 2 O bearing melts. Based on the above discussion, it can be concluded that the smaller mobile ability of Na + and K + and the larger degree of polymerization of melts lead to a smaller electrical conductivity of Na 2 O and K 2 O bearing melts than Li 2 O bearing melts.
The Mixed Alkali Effect in CaO-SiO 2 -Al 2 O 3 -(Li 2 O)-(Na 2 O) and CaO-SiO 2 -Al 2 O 3 -(Li 2 O)-(K 2 O) System
It can be seen from Figs. 4(c) and 4(f) that as gradually substituting Li 2 O for Na 2 O and K 2 O, respectively, while keeping the contents of other components constant, the electrical conductivity first decreases and then increases. In CaO-SiO 2 -(Li 2 O)-(Na 2 O) system, there is a minimum value of electrical conductivity when Na 2 O replaces Li 2 O as shown in Figs. 6(a) and 6(c). This extreme deviation from linearity is concluded as the "mixed alkali" effect. Swenson 29) made a conclusion that the alkali ions tend to maintain their surrounding structures unchanged, and because the distribution of different alkali metal ions is relatively free. Thus, the large mismatch between the different alkali ion sites lead to the difficult migration of ions. Furthermore, comparing Figs. 6(a) and 6(b), it was found that the mixed alkali effect is more intensive for the Al 2 O 3 bearing melts than melts without Al 2 O 3 . However, the detailed reason for the complex structure changes of the Al 2 O 3 bearing melts are not clear at present and need to be further studied. It can be seen from Figs. 6(c) and 6(d) that the same phenomena described above also appear in CaO-SiO 2 -Al 2 O 3 -(Li 2 O)-(K 2 O) system. The same phenomenon was observed in the CaO-SiO 2 -Al 2 O 3 -(Na 2 O)-(K 2 O) system, as gradually substituting Na 2 O for K 2 O, the mixed alkali effect was much more evident for the Al 2 O 3 bearing melts than melts without Al 2 O 3 . 6)
The Activation Energy of Electrical Conductivity
in Melt According to data of the electrical conductivities given in Tables 5 and 6 , the activation energy of electrical conductivity for different components can be calculated by Eq.
(2). Figure 7(a) shows the change of activation energy with R 2 O content for group A, group B, and group E. It can be concluded that the activation energy decreases as increasing the R 2 O content for melts without Al 2 O 3 . R 2 O as a network modifier could reduce the degree of polymerization of melt and result in a decrease in activation energy. Figure 7(b) shows the activation energies of electrical conductivity in groups C, D, F and G which contain two kinds of alkali oxides. It can be found that the activation energy first increases but then decreases as increasing the substitution content of Na 2 O or K 2 O, respectively. Therefore, the activation energy and electrical conductivity have opposite variation tendencies as shown in Figs. 6 and 7(b) . In addition, the maximum value of activation energy and minimum value of electrical conductivity occurs almost at the same composition. Thus, the formation of high energy barrier due to the influence of mixed alkali effect leads to the minimum value of electrical conductivity.
Relation between Electrical Conductivity and
Structure by Raman Spectroscopy Raman spectroscopy was originally used to probe the local anionic structure of silicates. The bands assigned to anti-symmetric stretching of Si-O − (non-bridging oxygen; NBO) and Si-O 0 (bridging oxygen; BO) bonds occur in the range from 850 to 1 200 cm − 1 region, whereas Si-O-Si bending modes are found between 500 and 700 cm − 1 . 30, 31) NBO/Si usually be used to represent the degree of polymerization. Mcmillan designated the region (850 to 1 200 cm − 1 ) as the stretching vibration of SiO 4 4 − tetrahedra and Q n (n ranges from 0 to 4) species were reflected by the bands on the positions of ~850 cm − 1 (Q 0 , NBO/Si = 4), ~900 cm −1 (Q 1 , NBO/Si = 3), 950-1 000 cm −1 (Q 2 , NBO/Si = 2), 1 050-1 100 cm −1 (Q 3 , NBO/Si = 1), and ~1 200 cm −1 (Q 4 , NBO/Si = 0), respectively. 32) Among them, Q 4 unit always could not be observed due to its low intensity. The spectrum data were fitted by Gaussian function and the area fraction of each Q n unit could be obtained. The high-frequency region of CaO-SiO 2 -(Al 2 O 3 )-R 2 O (R = Na, K) were deconvoluted into four symmetric bands at ~850 cm − 1 , ~910 cm − 1 , ~970 cm − 1 , and ~1 040 cm − 1 , as shown in Fig. 8 .
Quantitative analysis of Raman spectra allowed determination of the configuration of each silicate unites from Q 0 to Q 3 according to bulk composition. All the compositions and its relative area fractions of fitted Gaussian bands are listed in Table 7 . According to Fantz and Mysen, 33) the abundance of the silicate structural units can be deduced from the areas of the corresponding Raman bands. Mysen 34) proposed that the Raman intensity should be calibrated using the Raman scattering coefficient because of the different polarizability of Q n . Raman scattering coefficient is independent of temperature and depends only on Q n .
The mole fractions of structural units are related to the band areas by the equation: where X i is the mole fraction, θ i is the Raman scattering coefficient, and A i is the band area of Q i . Wu et al. 35) defined an equation for calculating the relative Raman scattering coefficient S i : If S 0 is assumed as 1, S 2 and S 3 are calculated as 0.242, and 0.09 in glass. From the above two equations, we got that S 3 /S 2 = θ 2 /θ 3 = 0.37, which is close to θ 2 /θ 3 = 0.34 given by Frantz and Mysen 32) and 0.35 given by You et al. 36) From the above analyses, the area fraction of each Q n of all samples were all counted in Table 7 . The value of Q 3 /Q 2 = X 3 /X 2 ratio which was assumed as an index of the degree of polymerization could be known accurately. Park 37) proposed the index based on the equilibrium reaction among silicate as follows, where K [1] is the equilibrium constant of Eq. (5) . It could be seen from the equilibrium relationship that Q 3 /Q 2 could reflect the degree of polymerization of silicate networks. Therefore, the variation of the degree of polymerization with the increase of K 2 O is shown in Fig. 9 . It can be seen from Fig. 9 that the degree of polymerization increase first and then decrease as increaseing K 2 O content for both melts with or without Al 2 O 3 . The variation of the degree of polymerization is consistent with the mixed alkali effect that the electrical conductivities decrease first and then increase as K 2 O increases. 6) What is more, it is found that the variation of the degree of polymerization is more obvious for the Al 2 O 3 bearing melts than melts without Al 2 O 3 . Generally speaking, the change of conductivity is closely related to the change of the degree of polymerization. The above studies also reflect that the influence of the mixed alkali on the melt polymerization degree is very large, thus affecting the electrical conductivity.
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Conclusions
In the present work, the influences of alkali metal oxides on the electrical conductivity of CaO-SiO 2 -(Al 2 O 3 ) system were investigated by the four electrode method. The following conclusions could be drawn.
(1) The electrical conductivity monotonously increases as increasing R 2 O (R = Li, Na, K) content at a fixed CaO/ SiO 2 ratio of 1.1.
(2) The electrical conductivity of Na 2 O or K 2 O bearing melts is smaller than that of the Li 2 O bearing melt.
(3) As gradually substituting Na 2 O or K 2 O for Li 2 O, respectively, there is a minimum value of electrical conductivity which is called as "mixed alkali effect.". Furthermore, the presence of Al 2 O 3 enhances the mixed alkali effect.
(4) Raman spectroscopy indicates that electrical conductivity is closely related to the structure of melt.
